ABSTRACT: In this paper, the effects of doping with GeO 2 on the synthesis temperature, phase structure and morphology of (K 0.5 Na 0.5 )NbO 3 (KNN) ceramic powders were studied using XRD and SEM. The results show that KNN powders with good crystallinity and compositional homogeneity can be obtained after calcination at up to 900°C for 2 h. Introducing 0.5 mol.% GeO 2 into the starting mixture improved the synthesis of the KNN powders and allowed the calcination temperature to be decreased to 800°C, which can be ascribed to the formation of the liquid phase during the synthesis.
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Introduction
Piezoelectric ceramics are a group of functional materials that can reversibly convert energy between mechanical and electrical forms [1] . Many of them possess not only piezoelectric but also excellent dielectric and elastic properties. Thus, they have been widely used in medical imaging equipment, acoustic sensors, ultrasonic motors and other machinery [2] [3] [4] . To date, most piezoelectric ceramics are based on PbO-containing materials. As people have increasingly raised concerns regarding environmental protection issues, seeking an excellent substitute for Pbbased piezoelectric ceramics has become a research hotspot [5] [6] [7] [8] [9] . Among the most interesting lead-free piezoelectric ceramics in current research, (K 0.5 Na 0.5 )NbO 3 (KNN)-based lead-free piezoelectric ceramics are considered as superior alternatives to Pb-based piezoelectric ceramics due to their higher Curie temperature and excellent piezoelectric properties [10] [11] [12] [13] . However, KNN-based ceramics suffer from the disadvantage of poor reproducibility due to the possible volatilization of alkaline elements during their synthesis and sintering. Because the volatilization of alkaline elements depends strongly on synthesis and sintering temperature, the best way to suppress the problem is to reduce the synthesis and sintering temperatures. There have been many studies on reducing the sintering temperature of KNN ceramics [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] ; however, there are only a few about reducing the synthesis temperature of KNN ceramic powder by a solid-state reaction [25] . We recently reported that calcination temperatures have significant effects on the sintering, microstructure and piezoelectric properties of KNN ceramics [26] , and acceptor doping in KNN ceramics can improve its synthesis and sintering [27] .
Since 
Experimental
High-purity K 2 CO 3 , Na 2 CO 3 , Nb 2 O 5 , and GeO 2 powders (Sinopharm Chemical Reagent Co., Ltd., purity > 99.99%) were used as the starting materials to synthesize KNN and (K 0.5 Na 0.5 )(Nb 0.995 Ge 0.005 )O 3 (KNN-Ge) by a solid reaction method. Those powders were precisely weighed according to the nominal composition, after drying the carbonate powders in an oven at 120°C for 12 h to remove any moisture. The measured powders were ball milled for 6.5 h with ethanol and zirconia balls as the media. The slurry was then dried in an oven at 70°C. After sieving through a 60-mesh sieve, the powder was calcined for 2 h in the temperature range of 600°C-900°C.
To study the effects of Ge 4+ doping on the piezoelectric properties of KNN ceramics, ceramic disks were prepared. The powders calcined at 850°C were uniaxially pressed into disks 15 mm in diameter and 1.5 mm in thickness at 100 MPa using PVB as binders. The disks were then heated at 550°C for 1 h to remove the organic binders, and then the samples, buried in ceramic powders with the same composition, were sintered at 1060°C for 4 h in an alumina crucible. After sintering, the sample surfaces were painted with silver paste, and then baked at 550°C for 20 min to form the electrodes. Polarization was conducted in a silicone oil bath at room temperature under a 3 kV/mm DC field for 30 min. The electrical properties were measured after aging for 24 h.
The phase compositions of the calcined ceramic powders were examined using X-ray diffraction (XRD, D8 ADVANCE A25, Bruker, Germany). The particle morphology of the obtained ceramic powders was observed by field emission scanning electron microscopy (SEM, Hitachi S4800, Ibaraki, Japan). The DSC curves of the KNN and KNN-Ge powders synthesized at 850°C for 2 h were characterized using a simultaneous thermal analyzer (STA 449F3, NETZSCH, Germany). A sample of approximately 15 mg of was placed in a Pt crucible and heated to 850°C at a heating rate of 5°C/min. The measurements were performed in a flowing air atmosphere. The Archimedes method was used to measure the density of the sintered ceramics. The piezoelectric constant d 33 was measured using a quasi-static piezoelectric constant tester (ZJ-4AN, Institute of Acoustics, Chinese Academy of Sciences, Beijing, China). The electromechanical coupling coefficient k p and the mechanical quality factor Q m were measured using a precision impedance analyzer (PV80A, Beijing, China).
Results and discussion
3.1 Effect of GeO 2 addition on the phase structure evolution Figure 1 shows the XRD patterns of KNN and KNN-Ge ceramic powders calcined for 2 h at different temperatures. The XRD peaks confirmed the development of a single perovskite phase in all powders, indicating that the perovskite phase KNN can be synthesized at temperatures as low as 600°C.
To study the phase structure evolution with calcination temperature in detail, slow scanning XRD was performed. Figure 2 shows the XRD patterns of KNN and KNN-Ge ceramic powders calcined at various temperatures in the 2θ range 44°-48°. There are clear differences in the diffraction peak shapes of the samples. The peaks are less split in KNN powders synthesized at 650°C-850°C, and thus the two broad characteristic peaks constitute one envelope, indicating that the powder is not uniform at this synthetic temperature but presents a potassium-rich phase and a sodium-rich phase. The peak splitting becomes more significant for the powders synthesized at 900°C, which exhibit good crystallinity and compositional homogeneity.
Similarly, the synthesis at temperatures below 800°C cannot produce uniform KNN-Ge powders, as indicated by the well split characteristic peaks. Comparing the two compositions reveals that the GeO 2 addition reduced the synthesis temperature of the KNN powders by 100°C.
Because GeO 2 helps to form a low-melting phase to react with Na 2 O or K 2 O, as indicated in the K 2 O-GeO 2 and Na 2 O-GeO 2 phase diagrams [28] [29] , the presence of the liquid phase at an earlier time point reduces the calcination temperature.
3.2 Effect of GeO 2 addition on the evolution of powder morphology Figure 3 presents the SEM images of KNN powders calcined at 650°C-900°C for 2 h, showing that the powders synthesized at 650°C-850°C have uneven grain sizes and irregular morphology (or shape), which indicate poor grain growth. The uniformity and morphology of the crystalline powder calcined at 850°C were improved, and some cuboid grains were formed when the powders were synthesized at 900°C, although the microstructures were still not perfect. It is possible that a liquid phase forms at 900°C, as pointed out by Bomlai et al. [30] . However, this calcination temperature is too high with respect the melting points of K 2 CO 3 (891°C) and Na 2 CO 3 (851°C) and causes serious volatilization of K + and Na + .
The SEM images of the KNN-Ge powders calcined at 600°C-850°C for 2 h are shown in Fig. 4 . The KNN-Ge powders synthesized at low temperatures have poor grain uniformity and morphology, similar to the KNN powders. However, the uniformity of the KNN-Ge powder improves upon synthesis at 800°C, and a large number of cubic grains are formed at this temperature. In particular, the KNN-Ge powders synthesized at 850°C have good uniformity as well as good grain development, and almost all of the grains have the cubic shape. The average grain size is about 0.8 μm. The large amount of cubic grains indicates that liquid phases occur in the synthesis process of the KNN-Ge powders, as the liquid phase may facilitate particle rearrangement and mass transfer, thus improving the grain morphology. This SEM observation corroborates the structure analysis from the XRD results. The DSC curves of the KNN and KNN-Ge powders synthesized at 850°C for 2 h are shown in Fig. 5 . There were two endothermic peaks for KNN-Ge at 196°C and 410°C. Based on the XRD and SEM results, the KNN-Ge powders synthesized at 850°C already have the perovskite structure and good crystallinity, and thus the two endothermic peaks correspond to the orthogonal-tetragonal phase transition temperature (T O-T ) and the tetragonalcubic phase transition temperature (T C ) [31] [32] [33] . In contrast, there were no apparent endothermic peaks in the DSC curve of the KNN powder because of the uneven uniformity and poor crystallinity of the KNN powders synthesized at 850°C.
Electrical properties of KNN and KNN-Ge ceramics
To investigate the effects of Ge 4+ doping on the electrical properties of KNN ceramics, KNN and KNN-Ge ceramic samples were prepared from powders calcined at 850°C. The piezoelectric properties of the two ceramic samples sintered at 1060°C are summarized in Table 1 . As is shown, 0.5 mol.% Ge 4+ -doping in KNN ceramics decreases in the piezoelectric constant (d 33 ) and electromechanical coupling coefficient (k p ). However, the density and mechanical quality factor (Q m ) of the ceramic samples were not obviously modified. These results should be related to the Ge 4+ doping effects. Figure 6 shows the P-E hysteresis loops of the KNN and KNN-Ge ceramics. There is a weak pinched phenomenon in the hysteresis curve of the Ge Table 1 . At the same time, the residual polarization P r increases slightly due to the uniform and well-grown crystalline grains in the KNNGe ceramics. 
Conclusions
In this work, the synthesis of KNN lead-free piezoelectric ceramic powder was studied. The results indicated that KNN powders with good crystallinity and compositional homogeneity could be obtained only at calcination temperatures of at least 900°C. However, the required calcination temperature of KNN powder decreased by approximately 100°C upon introducing 0.5 mol.% GeO 2 into the starting mixture, and the crystal morphology was improved because of the liquid phase generated during the synthesis. Meanwhile, the Ge 4+ cations as the acceptor dopants substituted for the Nb 5+ cations, decreasing d 33 and k p for the KNN-Ge ceramics.
